This paper presents a novel concept of adaptive water distribution networks with dynamically reconfigurable topology for optimal pressure control, leakage management and improved system resilience. The implementation of District Meter Areas (DMAs) has greatly assisted water utilities in reducing leakage. DMAs segregate water networks into small areas, the flow in and out of each area is monitored and thresholds are derived from the minimum night flow to trigger the leak localization.
PRINCIPAL NOTATION

A11
(np x np) Diagonal matrix containing headloss formula parameters
(np x nn) Unknown head node incidence matrix A10 (np x no) Fixed head node incidence matrix
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(np x nv) Control valve incidence matrix 
INTRODUCTION
The operational practice of sub-dividing water supply networks into small discrete areas, District Metered Areas (DMAs), has been successfully implemented by the UK water industry to reduce leakage in excess of 30% in the last 25 years (Ofwat ) . A DMA has a fixed network topology with permanent boundaries and it includes between 1,000 and 3,000 customer connections.
The DMA network topology provides two main benefits:
1. A transparent approach to derive mass balance and nonrevenue estimation as the flow into each DMA is continuously monitored. Consequently, the variability in the minimum night flow is used to: (i) substantially reduce the time for leakage detection; (ii) identify areas with a rising level of water losses so that surveys for active leakage control are carried out and repair activities prioritized; (iii) detect unreported bursts; and (iv) minimize non-revenue water. The stochastic nature of customers' demand significantly hinders the successful execution of these tasks outside hours of minimum (night) water demand.
2. A simplistic implementation of pressure management.
Pressure is a critical variable which impacts leakage and burst frequency (Germanopoulos & Jowitt ) . Maintaining the operational pressure in a water distribution system close to the minimum pressure threshold of 1.5 bar (pressure head of 15 mH 2 O) defined by Ofwat - the economic regulator of the water and sewerage sectors in England and Wales -provides significant benefits both in terms of reducing water losses and bursts frequency.
The control process needs to be implemented with a high degree of confidence to guarantee the required quality of service (DG3: Supply Interruptions; Ofwat DG ) and minimize the risk of customers' complaints.
Although DMAs have been successfully applied for reducing non-revenue water and managing leakage in the UK, their implementation has introduced major operational constraints which affect the quality of service. By closing boundary valves to form small metered areas, the natural redundancy of supply within these large looped networks is severely reduced; thus causing unintended consequences which are summarized as follows:
• Reduced redundancy in network connectivity and supply substantially affects the resilience of a network and thus the ability of a water utility to provide and maintain an acceptable level of service in the occurrence of bursts, failures and other deviations from normal operation. • An additional concern following the reduced redundancy in supply caused by the implementation of DMAs is the failure to provide the required pressure and fire flows.
• DMA networks often induce deterioration in water quality by introducing substantial spatial and temporal variations in flow velocity and residence time with the high number of dead-end branch pipes. An increase in discoloration complaints and operational challenges in dosing and maintaining residual chlorine may ensue.
• This can lead to pipe fatigue and more long-term network failures, a phenomenon that has been observed in the oil and gas industry (Hrabovs'kyi ).
The focus upon reducing water loss by the UK water industry has concealed the detailed consideration of these operational constraints imposed by the topology of DMAs.
However, regulatory requirements and the recently introduced service incentive mechanism by Ofwat (Ofwat SIM ) are forcing utilities to improve and carefully manage the level of service they provide. Consequently, the water companies are required to make significant changes with regard to multiple performance indicators such as interruptions of supply, low pressure and discoloration complaints, and energy use. These indicators are reaching a point whereby the drawbacks of the current DMA approach considerably affect their performance and even become a barrier to achieve improvements. It is therefore critical that the management of leakage is not dealt with in isolation.
The motivation of this paper is to demonstrate an approach for a holistic management of water supply networks that maintains the successful application of DMAs for managing and reducing leakage while improving network resilience and quality of service by minimizing the unintended consequences and drawbacks of current DMAs. The novel approach (DMAv2O.net) includes the adaptive sectorization of water distribution systems with dynamically reconfigurable network topology for optimal pressure control, leakage management and improved system resilience.
ADAPTIVE WATER DISTRIBUTION SYSTEMS WITH DYNAMICALLY RECONFIGURABLE NETWORK TOPOLOGY
The proposed DMAv2O.net approach for the adaptive sec- The operation of a network includes the normal diurnal cycle of segregating and aggregating a set of DMAs. A variety of objectives can be considered during the design and operation of such a water supply system. These objectives initially include pressure control and resilience and can be extended to incorporate water quality and incident management. Furthermore, the DMAv2O.net approach facilitates the formation of even smaller DMAs/zones/sectors which will drive extra reductions in leakage without affecting the quality of service during peak demand.
Control options for dynamically reconfigurable DMAs
Implementing a robust form of control for the operation of water distribution networks with adaptive topologies is a challenging problem due to the large scale of the system, poor understanding of the dynamic hydraulic conditions, and uncertainties in the hydraulic models. • Feedback controllers: • A higher number of telemetry and remote control points.
• Continuous high-resolution pressure data to identify steady, pseudo-steady and unsteady-state hydraulic conditions (instabilities) which can either lead to sub-optimal control or could result from the control implementation. Optimal valve control is facilitated by the existence of steady and pseudo-steady hydraulic conditions. • • Fail-safe control settings that are established for each network controller, and are defined as a network con- • Retrospective snippets of high-resolution time- • Incident optimization initiated by the detection of network failures and deviations from expected hydraulic conditions.
In this paper, a novel optimization method based on sequential convex programming (SCP) has been developed that facilitates the calculation of optimized outlet pressure profiles for a specified time horizon for a set of network controllers. Such an approach can be used as an open loop control strategy or within a MPC framework ( Figure 2 ).
As indicated, the operation of multi-feed pressure managed zones is neither well understood nor commonly implemented. There is also uncertainty with regard to the optimal configuration setup for automatic control valves (e.g. master/slave valves or independently pressure controlled valves) and the likelihood of interactions and
instabilities. This is difficult to address in a purely analytical way and extensive experimental programmes are being carried out by the authors in order to investigate and validate control strategies. The following section describes one of these experimental programmes which is used to explore the concept of dynamic topologies, assess the performance of novel instrumentation and facilitate the development of the optimization algorithm presented in the paper.
EXPERIMENTAL PROGRAMME
The operational performance and scalability of the proposed method for dynamically reconfigurable topology is being experimentally evaluated on an operational water distribution network. The purpose of this experimental programme is to:
• test the developed sensing and control technologies;
• establish the benefits and evaluate challenges with the implementation and operation of dynamically reconfigurable DMAs;
• validate analytical optimization and control approaches with experimental data and the operational constraints of real life networks;
• assess the scalability of the proposed network management method.
The initial system consisted of two single-feed DMAs that were separated by three closed boundary valves as shown in Figure • A vortex flow meter inserted into the globe valve (Cla-Val e-FlowMeter).
• An energy harvester (Cla-Val e-Power MP) for powering the continuous operation of the described control and sensing components. Energy is harvested using a micro turbine installed on a bypass. A pressure differential across the valve of 6 mH 2 O drives the bypass flow generating 390 mW of power at 6 Vdc. • Continuous measurements of the dynamic pressure Significantly less research has been conducted on valve control, which might be attributed to the fact that its benefit in previous work has been limited to leakage reduction, whereas pump scheduling may provide water companies with greater financial incentives over advanced leakage management. The benefits gained by the valve control proposed in this project however, are not limited to leakage reduction due to the notion of a dynamic network topology.
Problem formulation
Optimal valve settings for the dynamic topology are speci- The NLP for calculating η that minimizes network pressure for a single steady state hydraulic simulation is as follows:
Subject to equality constraints h(Q,H,η) defined as
and inequality constraints g(Q,H,η) defined as where H is a vector of piezometric heads, Q is a vector of water flow rates, η is a vector of valve settings, H0 is the vector of fixed piezometric head nodes (for example, reservoirs), q j is the customer demand at node j, and H min,j is the minimum allowable head at node j and f (Q) i is a flow dependent head loss in link i. The network structure is represented using incidence matrices, where A12 i is the ith row of a branch-node incidence matrix, A21 j is the jth row of a node-branch incidence matrix, A13 i is the ith row of a branch-valve incidence matrix, and A10 i is the i throw of a branch-fixed head node incidence matrix. The set of all vari- The objective function in Equation (1) is selected to minimize the summation of hydraulic head at all nodes in the network, which is equivalent to minimizing pressure.
The equality constraints in Equations (2) and (3) 
where n i ¼ 1.85 and K is a vector of constants calculated as follows:
where C is a vector of Hazen-Williams coefficients and D is a vector of diameters for each link. However, for i ∈ NV, f (Q i ) represents the headloss across a fully open control valve i, therefore n i ¼ 2 ∈ NV and K i is calculated as
where ξ O is the valve minor loss coefficient when fully open and g is acceleration due to gravity. One of the key differences in this problem formulation in comparison to previous methods is the modeling of the control valves.
Inspection of Equation (2) shows that the total headloss ΔH i across control valve i is defined as
where η i is an additional headloss across valve i that forms a The inequality constraints in Equation (5) represents operational limits on the minimum service pressure. More specifically, H min,j in Equation (5) is defined as
where P min is the minimum allowable pressure, z is a vector of node elevations, and ψ is a vector of pressure violations.
As suggested by Vairavamoorthy & Lumbers (), minor violations in the pressure constraints at certain non-critical nodes are permitted in order to ensure critical nodes in the network reach the target pressure. P min may vary as it is set according to specific local requirements. For this study, P min has been set to 20 mH 2 O based on the operational practice adopted by the UK water industry.
Motivation
The major difficulty in solving optimization problems arising in water distribution networks stems from the fact that there are a high number of nonlinear constraints due to energy losses and leakage modeling (if present). In previous work on the control of water distribution systems, the optimization problem has been smaller in size as hypothetical networks have often been used or model skeletonization has been undertaken to reduce the computation burden.
For this project, an optimization method that does not rely on model skeletonization was sought for the following reasons:
• To facilitate scalability of the scheme.
• To accommodate future modes of operation and multiobjective functions that may be sensitive to the placement of customer demand.
• To retain as much information about the network as possible which helps ensure that the implementation of optimal control does not result in a suboptimal response of the distribution network.
A gradient based optimization method was initially tested to solve the NLP defined in Equations (1)- (5), where the decision variables consisted of only η, and gradients were calculated with respect to the hydraulic model variables. It was found however that the method was highly susceptible to the starting point, and convergence was often slow and unreliable. Two direct methods were also tested, an interior-point and active set method, however convergence problems were also experienced. Furthermore, because these algorithms solve the hydraulic model and optimization problem simultaneously, they cannot be stopped early and still produce a hydraulically feasible solution, which is advantageous for a near-real time control The method solves the NLP defined in Equations (1)- (5) by first solving subproblem A, which is formed by the following:
• Fixing η in Equation (2) according to the value of η found in the second subproblem. For the first iteration however, this is set to zero, i.e. control valves fully open:
• Eliminating the inequality constraints in Equations (4) and (5).
The resulting subproblem is a system of equations consisting of Equations (2) and (3) 
s:t:
Since the objective function in Equation (12) is strictly convex (since K i and n i are always positive) and subjected only to linear equality constraints as shown in Equation (13), this NLP is convex. A solution Q* that satisfies the KKT conditions is therefore a global optimum and unique.
The KKT conditions for this NLP consist of Equation (13) and the Lagrangian
where ∂|Q i *| denotes a subgradient of |Q i *|. Since the sub-
if Q i * ¼ 0, it can be seen that Equation (14) is equivalent to Equation (2) where f(Q i ) is defined by Equation (6),
where the Lagrange multipliers of Equation (14) represent the unknown nodal heads at the solution Q*. The optimality conditions of Equations (12) and (13) are rigorously justified in Rockafellar (). The solution to this NLP is therefore equivalent to subproblem A, which is convex and has a unique solution. Since the solution to subproblem A is unique, the objective function given in Equation (1) is not relevant. If the solution also satisfies Equation (4), then the solution is hydraulically feasible.
In order to solve the subproblem defined strictly by
Equations (2) flows is modified in order to take into account the valve set-
where H s is a vector of simulation piezometric heads, Q s is a vector of simulation flow rates, N is a diagonal matrix containing the head loss formula exponents, A11 is a diagonal matrix defined as K i Q n i À1 i for i ∈ NP, I is the identity matrix, and k indicates the hydraulic simulation iteration number.
Having solved subproblem A, a linear program is formed for subproblem B. The only nonlinear term in the original NLP defined in Equations (1)- (5) is f(Q i ) in Equation (2), and two approaches were originally considered for its linearization:
• Fixing Q in the NLP defined in Equations (1)- (5). This eliminates the nonlinearity of f(Q i ) which results in the NLP being converted to a linear program. This is the approach typically undertaken in a traditional SCP method.
• Linearizing f(Q i ) using a first order Taylor (2) is constructed at the solution Q s calculated in subproblem A and takes the general form
with the following boundary conditions for pipes:
and the following boundary conditions for valves:
These boundary conditions ensure that the linear head loss equation is representative of energy conservation, i.e.
that energy losses always occur in the direction of flow.
This form of linear approximation of f (Q i ) was found to produce a flexible second subproblem that is always feasible.
Solving Equation (17) using Equations (18) and (19) results in the following coefficients for pipes:
and the following coefficients for valves:
The optimization problem defined in Equations (1)- (5) is now fully linear in its objective function and constraints, therefore subproblem B is convex (Luenberger & Ye ) .
Solving this linear program produces new valve settings, η,
and this is once again used as a fixed variable in the first subproblem.
The method finds a solution to the NLP by iterating between the two subproblems described above. At each iteration, convergence of the method is checked using one of two methods. The first convergence check examines the KKT conditions which, if satisfied, are first order necessary conditions for a solution to a NLP to be optimal (Luenberger & Ye ). With reference to the NLP defined in
Equations (1)- (5), the KKT conditions are defined as follows:
where λ and μ are the KKT multipliers. The purpose of using the KKT conditions as a convergence check is to show that the proposed optimization method is capable of finding local minima. For large and complex networks, however, this may take many iterations which for near real-time control purposes is unsuitable. In practice, it is logical to stop the optimization process earlier once a control solution has been found that sufficiently decreases the objective function and meets all constraints. Therefore an alternative convergence check is used for large or real networks where near real-time control could be implemented. The second convergence check calculates the difference in the flow solutions provided by each subproblem
The optimization method is terminated if ϵ i is below a specified tolerance, which for this study has been set to 10 À3 L/s. This tolerance was selected because it results in a reasonably low number of iterations to converge (as shown in the results section) but still provides sufficient accuracy in comparison to more rigorous convergence checks such as the KKT conditions. The overall optimization algorithm is summarized by the flowchart shown in Figure 7 and its iterations and convergence can also be visualized, as shown in 
Case studies
The developed optimization method is demonstrated by optimizing valve settings in two different hydraulic models that are shown in Figure 9 . Case study (a) is a variant of a small illustrative network used by Todini () and case study (b) is the network model used in the experimental programme.
Case study A
The small example network in case study (a) (Figure 9 optimization method was applied to case study (a) and converged at every time step in two iterations. The minimum allowable pressure P min is set to 20 mH 2 O and the solution shows this pressure value at the CP node after convergence at each time step ( Figure 10 ). As expected, the outlet pressure of the PRV increases as the demand increases in order achieve P min consistently at the CP. In order to test the robustness of the proposed optimization method, a sensitivity analysis is undertaken for case study (b) as shown in Figure 13 . The customer demand q is randomly generated based on a log-normal distribution which was established using collected hydraulic data in this area, and the number of iterations required for convergence is recorded for a series of NLPs. The optimization method converges in every instance, and the number of iterations required for the stopping criterion follows a rightskewed normal distribution. The distribution produced is dependent on the size and complexity of the network as well as the termination criteria used. For case study (b), 
DYNAMIC NETWORK TOPOLOGY: PERFORMANCE ASSESSMENT
The benefits of operating a water distribution network with dynamic topology are evaluated by comparing three different control configurations for the case study • During peak demand hours, the pressure management performance of flow modulation (case 2) is equivalent to the fixed outlet configuration (case 1). This is because there is always excessive pressure with a fixed outlet configuration except at peak hours. Flow modulating PRVs are configured to reduce excessive pressure at all times.
• During the night, the boundary valves of the dynamic topology close, and case 2 becomes equivalent to case 3 in terms of pressure management performance.
Another important aspect of pressure management is the diurnal pressure variability across all nodes in a network which has an impact on corrosion fatigue and fatigue related pipe failures. The analysis of this factor ( Figure 15) shows that 87% of all nodes in case 3 have diurnal pressure variability of no more than 10 mH 2 O, whereas 72% of nodes in case 2 and 73% in case 1 see pressure variability below 10 mH 2 O. This is because both a fixed outlet pressure and flow modulation configurations inherently produce a higher pressure differential. In the case of fixed outlet pressure PRVs, the settings are chosen so that the CP does not fall below the minimum allowable pressure during peak hours.
However for the remainder of the day and night pressure The main contributions of this study are as follows:
• Advances in energy harvesting, monitoring, control, and optimization facilitates the concept of adaptive sectorization of water supply networks with dynamically reconfigurable technology, a notion that will enable water companies to improve the resilience of their distribution systems, further reduce leakage and extend the life cycle of their ageing infrastructure.
• The DMAv2O.net method is being implemented on a water distribution network in the UK in order to test the technology and provide experimental data that are used to validate analytical work and control methodologies. The on-going study also aims to investigate the benefits and optimal scalability of this novel approach.
• Furthermore, since DMAs are increasingly being implemented in many countries around the world, an opportunity exists for incorporating dynamic topology into the design of these systems and maximizing the benefits that they provide.
• This paper has begun formulating the control algorithms for dynamically reconfigurable topologies. Within the control framework exists a strong optimization component and a novel method based on SCP that is fast, reliable and scalable has been demonstrated. Its future development will include a more detailed exploration of its convergence, robustness and scalability.
• Preliminary results based on modelling demonstrate that the concept and technology can provide significant improvements in pressure management and network resilience, and therefore has the ability to bring water distribution closer to the current driver for 'smarter water networks'.
